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Abstract: Determining a project delivery method that matches the characteristics of a construction
project is a critical step that affects the success or failure of a project. The Project Delivery Method
(PDM) should be adapted to the activities and processes of project implementation. However, the
traditional selection method does not come from the internal process of the project which may lead to
the delivery method not being able to meet the actual project requirements. This research proposes
a DSM-based PDM selection framework model that regroups activities and identifies appropriate
PDMs by revealing the dependencies and intensities between activities. The research uses a case to
demonstrate the feasibility of the framework. After considering specific project requirements and
goals, the framework model can be used as a basis for choosing specific project delivery methods, or
as a visualization tool to help owners schedule activities.

Keywords: project delivery method; PDM; procurement selection; delivery selection; design structure
matrix; DSM

1. Introduction

The selection of a project delivery method (PDM) is a crucial step in impacting project
success [1,2]. A PDM describes the relationship and working methods among project
participants in the process of transforming the owner’s goal into the completed facili-
ties [3]. It directly affects construction performance including schedule, cost, quality, and
efficiency [4–6]. The PDM can be viewed as both a contractual structure and compensation
arrangement through which project owners obtain a completed facility that meets their
needs [7]. The PDMs in practice are design-bid-build (DBB), design-build (DB), construction
management at risk (CMR), engineering-procurement-construction (EPC), and integrated
project delivery (IPD) [8,9]. However, the most common approaches are the first three, and
the limitations of design-bid-build and the complexity of project features and requirements
lead to a greater willingness to use design-build and other delivery methods [10].

In order to select the appropriate project delivery method, researchers have developed
many methods based on case performance [11,12] and mathematical models [2–4,13–16].
These models and methods rely more on subjective expert opinions which are interfered
with by the preferences, expertise, and abilities of the evaluators and are not very adaptable
to constantly changing projects.

The project delivery method reflects the task, organizational, and contractual rela-
tionship of the project. Under the requirements of specific goals, new organizational and
contractual relationships are created immediately after the tasks are rescheduled, and the
corresponding delivery methods are also generated. However, few studies consider the
feasibility of this delivery method from the perspective of the internal development process
and working relationship.
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This paper attempts to develop a framework model for selecting project delivery
methods. The framework uses the design structure matrix (DSM) method to analyze the
relationship between the activities in the system and optimizes activities through merging,
deleting, and changing locations. The appropriate implementer is selected according to
the closeness between the activities and, finally, the project delivery method is formed.
This study expands the path and perspective of project delivery method selection, reveals
the connection between project activities and project delivery methods, and reduces the
instability of selecting project delivery methods.

2. Literature Review
2.1. Major Delivery Methods in Practice

Design-Bid-Build (DBB) refers to the sequential and phased project delivery method
involving three key players: the owner, the designer (architect), and the general contractor
(builder). In this contractual structure, the owner contracts with the designer and the
contractor, respectively, monitoring the activities of the designer and the contractor to
ensure compliance with the contract requirements [13,17]. The owner signs a contract with
the designer first and then signs an agreement with the contractor through bidding after
the design contract is completed. There is no direct connection between the designer and
the contractor and all information needs to be transmitted after the owner’s decision.

Construction management at risk (CMR) might be the preferred project delivery
method when owners need a defined completion date and price. The CMR manager
is responsible for providing consultation on architectural services in evaluating costs,
schedule, materials, and the like, and advising on optimizations and design alternatives,
playing the role of a general contractor during the construction phase. A CMR manager
is also responsible for monitoring and controlling the construction process in terms of
costs, time, and other requirements to ensure a guaranteed maximum price (GMP) for
the project [7,17]. Similar to DBB, the owner contracts with both the designer and the
CMR manager.

In the design-build (DB) method, the design and construction are carried out by one
entity. The owner only needs to sign one contract covering architecture, engineering, and
construction and contracts with a single enterprise responsible for design and construc-
tion [6]. The owner will give priority to the DB method when he cannot bear too much
risk and responsibility. Because it is a single entity responsible for design and construction,
it avoids the possible opposition in DBB [7]. Since the contractor is liable for all coordi-
nation efforts, the owner’s contract administration and site representative risks and costs
are reduced.

Integrated Project Delivery (IPD) is defined as “a method of project delivery charac-
terized by a contractual arrangement among a minimum of the owner, constructor, and
designer that aligns the commercial interests of all participants” [18]. IPD integrates all ele-
ments of the system into a single process that synergistically utilizes the talents and abilities
of all participants through all stages of design, fabrication, and construction to optimize
project outcomes, increase value, reduce waste, and maximize efficiency [19]. IPD method
includes some contract principles and behavior principles that promote participants’ early
cooperation, increase mutual trust, and integrate multiple participants under one contract.

2.2. Selection of Major Delivery Methods

Project delivery methods have evolved from traditional DBB to IPD, but not all projects
are suitable for newly developed delivery methods. The same type of project even may
be suitable for different delivery methods. Each project should develop a project deliv-
ery method adapted to its characteristics. It is not so much that the project delivery is
selected, it is better designed [20,21]. Some researchers hope to summarize the experience
of selecting project delivery methods through existing project cases. Alleman et al. [21]
investigated 291 US highway projects and believed that the alternative contracting methods
(DB and CM) have better cost and schedule benefits and are therefore more suitable for
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highway construction. Demetracopoulou et al. [11] tested 57 lessons learned from Texas
highway projects to help clarify the difficulty of choosing PDM. Franz et al. [22] verified
the data of 212 projects to compare the cost and schedule performance of different delivery
methods. Performance-based research also includes that these provide useful references for
encouraging researchers to fully understand PDM and choices [23–25].

Another part of the researchers’ hope is to develop a model of delivery method se-
lection based on summarizing the selection criteria. This in turn includes appropriate
determination of selection factors or criteria and reasonable methods. The factors for
choosing a PDM are constantly enriched [26]. Decision makers focus early on the specific
goals of the project [27,28], and as project complexity increases, factors expand to collabora-
tion, integration, sustainability, corruption prevention, etc., [19,29,30]. The corresponding
selection methods and models become more and more complex. By calculating the relative
importance of different factors in the project goal hierarchy to choose the most appropriate
delivery method, the AHP method has become the most commonly used method [4,13].
The artificial neural network method developed by Chen et al. identified similar projects
between the target projects in the database and reduced the dependence on an expert’s
judgment [3]. Many researchers have to work on fuzzy methods in choosing the appropri-
ate PDM to improve the reliability of decision making [2,14,15,31,32]. Additionally, many
researchers developed multi-attribute decision making support tools [16,33–37].

However, these efforts may face some difficulties. The complexity of the project makes
the choice of delivery method often inconsistent. When researchers try to use project
performance indicators (such as cost, schedule, production efficiency, etc.) to select delivery
methods, they often draw inconsistent conclusions. Feghaly et al. [38] concluded that
DB was statistically superior to DBB in terms of project speed and intensity. Carpenter
and Bausman [39] compared the performance of DBB and CM at Risk in public school
construction, but the results showed that no one delivery method could meet all perfor-
mance requirements. Project delivery methods should meet the requirements of the project
characteristics. However, the evolution of projects and environmental changes constantly
create new features and requirements which weaken the effectiveness of the model.

2.3. Design Structure Matrix

The design structure matrix (DSM), also known as the dependency structure matrix,
has become a widely used modeling framework in research and practice. The DSM is
a network modeling tool that reflects the interaction of the system’s elements, thereby
highlighting the system’s architecture (or designed structure) [40]. According to the type
of system being modeled, DSM can represent various types of architectures. For example,
to model a process architecture, the DSM elements would be the activities in the process,
and the interactions would be the flow of information and/or materials between them [41].
The DSM approach allows the project or engineering manager to represent meaningful
task relationships to determine a reasonable sequence for the modeled activities [42]. The
DSM has been identified as a potential tool to simulate interdependent activities, identify
suitable assumptions, and formulate and evaluate the result [43].

The activity-based DSM is basically an N-square matrix that contains an activity list of
rows and columns arranged in the same order. The order of activities in a row or column
indicates the order of execution. In DSM, the relationship between activities is represented
by the “X” mark in off-diagonal cells, which reflects the information flow between activities.
The “X” mark above the diagonal indicates the information assumption or premise needed
to start an activity. DSM is an N-square graph matrix representation of a process that
is especially suitable for modeling the sequence and iterative information relationship
between activities in the product development process [44–46].

Three possible relationship types between activities and corresponding DSM expres-
sions are shown in Figure 1.
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Figure 1. Three Configurations in DSM Analysis.

The DSM can be divided into four categories: component-based DSM, team-based
DSM, activity-based DSM, and parameter-based DSM. The former two DSMs can also be
called static DSM, and the last two can be called time-based DSM [47]. They correspond
to the four DSM structural directions, as suggested by Yassine, and demonstrate the
corresponding analysis methods as shown in Table 1.

Table 1. Four Different Types of Data in DSM (adapted from Yassine 2004).

DSM Types Representation Application Analysis Method

Activity-based DSM Activities in a process and
their input and output

Project scheduling,
activity sequencing, and
cycle time reduction

Partitioning/Tearing/Banding/
Simulation and Eigenvalue
AnalysisParameter-based DSM Parameters to determine a

design and their relationship
Low level activity sequencing
and process construction

Team-based DSM Teams in an organization and
their relationships

Organizational design,
interface management, and
team integration Clustering

Component-based DSM Components in a product and
their relationship

System architecting,
Engineering, and design

Partitioning eliminates or reduces feedback marks [46]. This process reorders activities
so that dependencies are below or close to diagonals. When this is completed, we can see
which activities are sequential, which can be completed in parallel, and which are coupled
or iterative [48].

Tearing is the process of selecting the set of feedback marks that, if removed from the
matrix (and then the matrix is re-partitioned), it will make the matrix a lower triangle [48].
Once the hypothesis is made through tearing, the matrix is subdivided to determine the
preferred execution sequence [42].

Banding is to add alternating light and dark bands in DSM to show independent
(i.e., parallel or concurrent) activities (or system elements) [49]. The collection of bands or
levels constitutes the critical path of the system/project [48].

Although DSM is considered an effective tool for planning and sequencing, it is rarely
used in construction projects. DSM is mostly used for optimizing activities during the
planning and design phases [50–55]. These studies have improved the integration of
activities in planning and design, helping engineers and managers to control work more
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precisely and improve work efficiency. However, research on project delivery method
selection based on activity optimization has not been seen.

3. Research Methodology
3.1. The Primary thought of the Study

This study aimed to establish a framework model and method based on the interac-
tion between activities for selecting a project delivery method for construction projects.
Therefore, the activity-based DSMs are selected to identify the order and correlation of exe-
cution of the main activities and to analyze the likelihood and feasibility of their portfolios
to optimize the project delivery process. At the same time, partitioning is chosen as an
optimization and analysis tool because it needs to consider the combination of activities.

An example is taken from literature by [48] to explain the basic idea of the framework
and then propose the specific steps of the framework in Figure 2. Firstly, the system
activities are decomposed, and the spaghetti graph is drawn in Figure 2a. The arrow
represents the information relationship between the activities; for example, the arrow B
to C means C needs to receive output information from B before it can start. The original
DSM is drawn in Figure 2b, and finally, the partitioned DSM is shown in Figure 2c.
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Based on the representation of the DSM activity relationship, we can sort out this
study’s basic ideas and work. The project delivery method can be associated with the
representation of three activity relationships in partitioned DSM.

(1) Once the DSM is partitioned, a series of activities are identified and executed in
sequence, such as how B and C are sequential in Figure 2. The owner can determine
an integrated contract or decentralized contract based on factors such as the closeness
between the activities. If the activities are closely linked, they should be managed by
one contractor. However, the owner can award contracts to different contractors, and
the owner is responsible for the coordination of the activities.

(2) Activity A and K are independent or paralleled, and they can be executed concurrently
without information exchange with each other The two activities only need to start
after receiving the information of their respective previous work without considering
the status of each two of them. So, it is suitable for the owner to entrust them to
two contractors independently.

(3) In Figure 2c, a loop is formed in blocks E-D-H: task E first needs to estimate or assume
the output of task H, the outcome of E is transmitted to task D, then the output of
D flow to task H, and finally, the output of H is fed to task E. At this point, task
E starts in a state of uncertainty and incomplete information. Many times can this
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uncertainty gradually decrease or converge only after E-D-H iterations occur. If
multiple contractors perform separately, this iteration will not be accurately predicted
and adequately controlled. There are similar but more complicated relationships
among I, L, J, and F, and more upfront planning is required. It is difficult for owners to
coordinate different contractors effectively, so they are more suitable for one contractor
to conduct integrated management.

3.2. The Procedure of the Selection Model

The selection model for PDM using DSM includes four steps: Identify Requirements or
Objectives, Building/Creating the Design Structure Matrix, Project Redesign/Optimization,
and Design/Select Project Delivery Method. The model is shown in Figure 3.

Step 1. Identify requirements or objectives. This step consists of three main tasks,
including asking the owner and environmental requirements or limitations, identifying
project characteristics, and determining project goals. Identifying the environment of the
project and clarifying the project owner’s needs is the primary task of choosing a suitable
project delivery method [4,56,57]. The sequence of activities, the responsibilities of the
organization, and the corresponding contract structure are all based on meeting the owner’s
needs. Project characteristics define the technical nature of the work [58] which will affect
the rationality and feasibility of redesigning the process. Project objectives need to be
defined broadly in terms of scope, schedule, budget, and project complexity [4].

Step 2. Building/Creating the Design Structure Matrix. Appropriate structural de-
composition and accuracy of activity dependencies determine the effectiveness of the DSM
approach [48]. This step, therefore, consists of four activities. First, the project manager
should fully decompose the project and forms a list of activities whose outputs constitute
the entirety of the project entity. The list of activities can be determined by converting
existing documents or structured expert interviews [48]. Second, the inputs and outputs of
each activity should be determined, which reflect the dependencies between the activities.
After the activities and their dependencies are entered into the matrix, an activity-based
DSM can be formed. Finally, the marks in the DSM should be checked to confirm whether
the relationships between the activities are correct and whether there are activity conflicts. It
is worth noting that even if the activities are decomposed the same in different projects, the
relationship between activities may still change with the owner’s goals and requirements.
When schedules are tight, identifying requirements may no longer be an absolute priority
activity, but instead needs to be developed gradually through constant feedback during
design and construction.

Step 3. Project Redesign/Optimization. After representing the process in the matrix,
the project can be redesigned using partitioning, tearing, banding, and clustering. As
mentioned previously, this framework focuses on the relationship and regrouping of
activities, so partitioning is the main analysis tool.

Step 4. Design/Select Project Delivery Method. In this step, the strength of the
relationship and the sequence of activities in the same partition should be checked first
from a technical, regulatory, or management perspective. A partition represents the least
amount of feedback between activities within it but may be technical, regulatory, or have
weak dependencies that are not worth management action. Once it is confirmed that there
is no unreasonableness or error, the activities in the partition can be packaged as a basis for
assigning responsible persons. Likewise, relationships between activity packages should be
examined and combined where feasible. Team activities can be assigned when all activities
and activity packages have no relationship conflicts. Finally, a suitable PDM is selected
or designed.



Buildings 2022, 12, 443 7 of 20

Buildings 2022, 12, x FOR PEER REVIEW 7 of 20 
 

activities can be assigned when all activities and activity packages have no relationship 

conflicts. Finally, a suitable PDM is selected or designed. 

 

Figure 3. The Framework Model Using DSM to Select the PDM. 

4. Case Study 

This article uses a case study to describe the feasibility of this method in actual project 

implementation and uses surveys for verification. The survey asks practitioners their 

views on the project's activity relationship and inputs the feedback into the model to ob-

tain the simulation results. The feasibility of the method is verified by comparing the sim-

ulation results with the actual delivery method. 

4.1. Background of the Project 

Figure 3. The Framework Model Using DSM to Select the PDM.

4. Case Study

This article uses a case study to describe the feasibility of this method in actual project
implementation and uses surveys for verification. The survey asks practitioners their views
on the project’s activity relationship and inputs the feedback into the model to obtain the
simulation results. The feasibility of the method is verified by comparing the simulation
results with the actual delivery method.

4.1. Background of the Project

The project is a post-earthquake hospital reconstruction project in China with a to-
tal investment of 73.55 million yuan (US$11.37 million) and a total construction area of
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13,918 m2. The project was publicly tendered on 16 January 2018. The winning bidder was
determined on 14 February 2018 and the construction of the project began in April 2018 and
was finally finished on 7 August 2019. The funding for the project is fiscal funds, which can
remain stable and sufficient.

4.2. Identify the Owner’s Requirements and Analyze the Working Conditions

According to the central and provincial government’s overall plan, the project needed
to be delivered before the end of August 2019. The project construction period included
design and construction for a total of about 500 days. In order of decreasing importance,
the owner put forward the following requirements: to be completed on time or in advance,
without quality and safety accidents, reducing environmental damage, improving the
ability of the project to resist potential disasters, and improving the local medical level.

The historical weather statistics show that the local area faces regular heavy rains in
July, and low temperatures in November, December, January, and February. For about five
months of each year, normal construction cannot be carried out and may even be completely
shut down. Therefore, the actual available time of the project was about 350 days, which
is only 70% of the average time. The owner of this project did not have any management
capabilities or experience in similar projects. Moreover, when the project was bidding,
the project’s detailed design was not completed, and only the plan was made. The final
needs of the owner for the project were not precise, and there was the possibility of new
requirements midway. The project site was small and challenging to construct. It was close
to the river, and the groundwater level was high. The environmental carrying capacity
of the project site was fragile, and it was close to a natural heritage protection area, so
environmental pollution needed to be minimized as much as possible.

4.3. The Survey and Implementation

The survey was sent out in May 2021. The interviewees were the owner, on-site
representative of the owner, designer, contractor enterprise manager, contractor project
manager, project production manager, and project supervisor who had participated in the
project. The questionnaire asked respondents to review the project implementation process
and propose adjustments based on their practical experience.

The basic information of the interviewees and the projects they participated in are
shown in Table 2.

Table 2. Respondent Details in Survey.

Respondent Details Quantity Total (%)
By respondent’s occupation

Contractor

Project manager 1 11.1
Designer 2 22.2
Production manager 2 22.2
Enterprise manager 1 11.1

Project Supervisor 1 11.1
Owner 2 22.2

By respondent’s working year Quantity Total (%)

≥15 2 22.2
≥10, <15 4 44.4
≥5, <10 3 33.3
<5 0 0

The contents of the survey mainly include:

(1) Under the circumstance that the constraints cannot change, how can the project
activities be adjusted to achieve the owner’s goal of 30% ahead of schedule (including
deletion, merger, location change, activity association change, etc.)?

(2) If the activity changes, mark the adjusted relationship and location.
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(3) Which current project delivery method is suitable for the adjusted activities?

4.4. Identify Project Activities and Establish the Activity Decomposition Diagram

The project construction process can be decomposed into three major functions or
processes: design, preparation, and production. Each can be further divided into more
works and activities, and then a node tree can be established. The activities at the bottom
of the figure can still be decomposed. For example, ‘make detailed design’ can still be
decomposed into ‘design spaces and facades’, ‘assist in the design of external structures
and foundations’, ‘design frame and roof structures’, ‘design the complementary structures,
surfaces, fittings, and courtyard’, and ‘prepare a construction specification’ [59]. However,
these activities are generally completed by different designers within a team. As far as the
project delivery method is concerned, the work breakdown below the project work team
is no longer necessary. The works and activities are decomposed in Figure 4, and their
explanations are below:

(1) Draw up brief. It is a process to collect the basic information provided by the owner
concerning space requirements. The information consists of needs and requirements
about the economy, dimension, quality, scheduling, function, etc. Additionally,
the possibilities of site situation and availability of resources should be collected.
This work is denoted by “A” and can be composed of four activities represented by
A1~A4, respectively.

• Identify requirements (A1). The needs of the owner and requirements from
outside involve many aspects, including financial requirements, space scale
requirements, quality and function requirements, schedule requirements, alter-
native technical solutions, etc.

• Survey and analyze site information (A2). Analysis of the present situation
includes the availability of existing conditions and the possibility of change.
Designers and contractors need to analyze the geotechnical condition, city plan,
local planning, availability of resources and management systems, etc.

• Establish objectives (A3). This activity formulates and establishes the overall
goals of the project. Goals may include establishing the desired attributes and
functions developed by the owner, determining regulating requirements, and
clarifying the design scope.

• Establish design parameters (A4). Establish design limits, guidelines, and project
requirements such as budget, cost, scheduling, quality, constructability, and
environmental effects.

(2) Make conceptual design. Concept design is the forming of abstract concepts using ap-
proximate concrete expressions [60]. General concepts such as site use and boundary,
architectural consideration, major system types, and materials are explored. Concep-
tual cost estimates and budgets may also be developed. This work is denoted by “B”
and can be composed of four activities represented by B1~B3, respectively.

• Develop preliminary design (B1). This process will determine the project program
and terms to define the function. Some drawings, including the basic dimensions
of the project, the major architectural components, and structural systems, are
developed to illustrate the concept of design and the project scope.

• Coordinate and find compatibility (B2). System schemes between disciplines
need to be coordinated for integration. Some checks such as function compati-
ble checks, quality reviews, and standard/code coordination checks should be
performed from the macro-level.

• Evaluate and review the preliminary design (B3). The owner reviews the pre-
liminary design from multiple perspectives, including meeting requirements,
function, economy, feasibility, legal and government permits, etc., to determine
whether the scheme can achieve the expected effect and whether the detailed
design can be carried out.
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(3) Make detailed design. This process starts with the evaluation of the scheme. The
detailed design needs to be elaborated on until the contractor can choose the con-
struction method and purchase materials accordingly. The design process needs to
integrate the design process of all disciplines. This work is denoted by “C” and can
be composed of three activities represented by C1–C3, respectively.

• Make a detailed design (C1). The detailed design includes activities such as
facade design, internal space design, decoration design, structural design, venti-
lation system design, pipe design, fire protection design, landscape design, etc.

• Check the compatibility of detailed design (C2). The design documents for all dis-
ciplines should be checked to ensure compatibility between various professional
designs and reduce or eliminate rework due to design conflicts.

• Make the resource checklist (C3). The resource list includes raw materials and
equipment. It should list the types, quantities, specifications, models, etc. so that
the contractor can purchase resources and arrange the arrival time reasonably.

(4) Acquire contractors. This process includes all activities concerning bidding and
tendering. This work is denoted by “D” and can be composed of four activities
represented by D1–D4.

• Issue bidding documents (D1). The owner puts forward technical and manage-
ment capability requirements to the contractor.

• Tendering (D2). The contractor submits documents to the owner to prove that it
is suitable for undertaking the project.

• Review and select contractor (D3). The owner reviews the contractor’s tender
documents, and judges and selects the most suitable contractor.

• Sign contract (D4). The owner and the contractor sign the contract after reaching
an agreement through negotiation.

(5) Prepare for construction. The preparation mainly refers to the workforce and material
preparation made by the contractor for the construction, including the project team,
equipment, materials, etc. This work is denoted by “E” and can be composed of four
activities represented by E1–E4, respectively.

• Organize project team (E1). The contractor needs to select a qualified project
manager and teams to construct the project.

• Make a construction plan (E2). This plan is about construction scheduling, quality
assurance, cost control, and environmental protection.

• Prepare and implement procurement (E3). The contractor needs to make an
accurate equipment and material procurement plan and carry out an inquiry,
procurement, and storage as planned.

• Prepare site (E4). The construction site must have no legal issues and have the
appropriate condition for construction.

(6) Construct project. Implement concrete activities to complete the tasks and objectives
specified in the project plan. This work is denoted by “F” and can be composed of
four activities represented by F1~F4.

• Plan the daily work (F1). Decompose the overall construction plan to the work to
be completed every day according to the schedule, and formulate the personnel
and resource allocation plan, quality control measures, and inspection plan.

• Allocate the resources (F2). Allocate sufficient quantity and quality resources to
daily work.

• Do the physical work (F3). Arrange appropriate workers and tools to complete
daily work and gradually form products.

• Inspect and approve the work (F4). The contractor needs to evaluate the quality
and progress of phased products through regular inspection to ensure the project
is completed on time and reduce rework.
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4.5. Identify the Relationship between Activities and Establish an Original DSM

It should be noted that there are not only the feedforward and feedback relationships
between the internal activities of each stage but also feedforward and feedback relationships
between the cross-stage activities. There are three main stages of design, preparation, and
construction in the basic model, and there are feedforward and feedback information flows
between multiple cross-stage activities. Since the construction stage may encounter different
assumptions from the design, the construction activities need feedback information from
the initial design to guide the modification, so the possible process cycles appear within
the stages and appear between stages. The dependence between activities lists in Table 3.
The original DSM is shown in Figure 5.
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4.6. The Original DSM Is Manipulated to Eliminate or Reduce the Feedback Marks

For the activity-based DSM, partitioning is the primary method to help a transparent
structure emerge. Using this method, sequential, parallel completion, coupled or iterative
activities are clearly displayed. The DSM tool is DSM_Program-V2.1 [61]. The partitioned
DSM is shown in Figure 6.
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Table 3. The Dependence of the activities.

Activity Depends on

Identify requirements (A1) —

Survey and analyze site information (A2) —

Establish objectives (A3) Identifying requirements (A1), surveying and analyzing site
information (A2), and developing a preliminary design (B1)

Establish design parameters (A4) Establishing objectives (A3)

Develop a preliminary design (B1)
Establishing design parameters (A4), coordinating to find
compatibilities of preliminary design (B2), and evaluating and
reviewing the preliminary design (B3)

Coordinate to find compatibilities of preliminary design (B2) Developing a preliminary design (B1)

Evaluate and review the preliminary design (B3) Coordinating to find compatibilities of preliminary design (B2)

Make the detailed design (C1)
Identifying requirements (A1), checking compatibilities of detailed
design (C2), signing the contract (D4), organizing the project team (E1),
and doing the physical work (F3)

Check compatibilities of the detailed design (C2) Making the detailed design (C1) and organizing the project team (E1)

Make a resource checklist (C3) Making the detailed design (C1)

Issue bidding documents (D1) Establishing objectives (A3) and evaluating and reviewing the
preliminary design (B3)

Tendering (D2) Issuing bidding documents (D1) and organizing the project team (E1)

Review and select contractor (D3) Identifying requirements (A1)

Sign contract (D4) Tendering(D2) and organizing the project team (E1)

Organize project team (E1) Reviewing and selecting the contractor (D3)

Make a construction plan (E2)
Making the detailed design (C1), organizing the project team (E1),
preparing and implementing procurement (E3), preparing the site (E4),
and inspecting and approving the work (F4)

Prepare and implement procurement (E3) Making a resource checklist (C3) and making a construction plan (E2)

Prepare site (E4) Organizing a project team (E1)

Plan the daily work (F1) Making a construction plan (E2), allocating the resources (F2), and
doing the physical work (F3)

Allocate resources (F2) Making construction plan (E2), preparing and implementing
procurement (E3), and planning the daily work (F1)

Do the physical work (F3) Planning the daily work (F1) and allocating the resources (F2)

Inspect and approve the work (F4) Doing the physical work (F3)

4.7. Highlight the Partitioned DSM and Explanations

The partitioned DSM highlights two blocks. The first block includes seven activities
such as A3, B1, A4, B2, and B3 which start from the ‘establish objective’ to the ‘evaluate
and review preliminary design’. This block represents the main process of the preliminary
design. Preliminary design stipulates some design features that cannot be broken through in
the detailed design and construction, such as each system’s, subsystem’s, and component’s
requirements and functions, a high-level outline of design features that meet each of
these requirements, and cost estimates. In many reconstruction projects, determining
the project goals clearly and making an acceptable design is not a one-time task. In
repeated communication between the designer and the project owner; the project owner
can gradually clarify his goals, and the designer can compile satisfactory deliverables.

The second block includes nine activities as E2, C1, C2, E3, C3, F3, F1, F2, and F4 which
span broadly from ‘make detailed design’ to ‘inspect and approve the work’. It spans from
design to procurement and build and spans from design to procurement and construction.
In the reconstruction environment, the interviewees think it is tough for the designer to
complete the perfect design alone and deliver it to the purchaser and contractor. More
improvement work in practice requires feedback from the contractor during construction.
This process must be speedy and smooth. Construction control must be transformed into
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active control, so it is necessary to monitor the progress every day and revise the plan
and resource allocation for the next day in real-time. These feedbacks are all divided into
the same block, indicating that they are closely connected and suitable for integration
consideration in organizational arrangements.
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Some activities after partitioning have changed in order, D3 (evaluating contractor),
E1 (building a project team), and E4 (preparing site) before D2 (tendering) and C1 (detailed
design). Bidding is a test of the contractor’s capability. However, the construction period
will be greatly extended if the contractor and bidding are inspected after the detailed design
is completed, as in the traditional delivery method. The reconstruction environment is
complex and changeable. Contractors need not only sufficient technical force but also
strong comprehensive management and coordination capabilities. Therefore, in order to
speed up the development of the project, more capable contractors should be evaluated
in advance and the contractors should get to know the conditions of the scene earlier
in order to make full preparations. The bidding documents submitted by the contractor
should show the organization’s comprehensive capabilities for the future implementation
of the project, such as the organization’s ideas and technical arrangements, the handling of
emergencies, and the procurement and deployment of resources.

4.8. The Selection of PDM

According to the activity relationship in DSM, we can not only understand the current
delivery method but also design a delivery method that is more suitable for project require-
ments based on the activity relationship. As mentioned previously, selecting PDM also
needs to consider requirements and scenarios. Therefore, after considering the owner’s
requirements, appropriate PDM decisions can be made from the DSM.

The characteristics of the case project include many participants, but the owner was in-
capable of fully managing and has strong time constraints. The partitioned DSM shows that
it could be integrated into one block from detailed design to construction completion which
means that it can be implemented by one party. The tasks that needed to be transferred
and coordinated by the owner were all completed by the contractor when the contractor
carried out multi-stage work. The interaction between activities becomes the internal staff’s
work with the contractor which will greatly shorten the time and cost of coordination [62].
When the acceleration techniques are adopted, information exchange between personnel
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and between subcontractors will become more frequent, and the advantages of integrated
delivery methods will become more prominent.

Other goals of the owner included controlling investment and improving medical
standards. This determines that control cannot be completely abandoned. Early evaluation
of the contractor’s ability and deep participation in preliminary design could achieve the
owner’s goal, and at the same time, it could strengthen the owner’s control over the main
subsystems and avoid large investment deviation and function deviation.

Therefore, according to the partitioned DSM and opinions of interviewees, this project
was suitable for delivery with higher integration such as BD or CM or its variation. The
project process of partitioned DSM is shown in Figure 7.
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This project adopted the EPC delivery method, which is very close to the conclusion
obtained by the DSM method. The general contractor was a consortium composed of a
design enterprise and a construction enterprise. Both parties participated in the bidding
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according to the preliminary design completed by the design enterprise entrusted by
the owner, and finally won the bid and undertook the detailed design, raw material
procurement, and construction. The professionals dispatched by both parties worked
together on-site, which reduced the information transmission path, carried out simulation
and error correction in advance, and reduced rework.

5. Discussion
5.1. The Type of DSM to Be Used

Successful project implementation needs to understand the project structure and
develop and manage a strategy [63]. The selection framework proposed in this study
establishes a process model from the relationship between each activity in the construction
process and selects the appropriate or optimal delivery method by identifying the relation-
ship between the activities and rearranging the sequence of activities. The framework can
also prove the rationality of the selected delivery method or optimize the order of activities
in the delivery method.

DSM can be divided into four systems that are interrelated [47]. Which type of DSM
to use should depend on the purpose. When only process analysis and optimization are
performed, activity-based DSM is used more [64–66]. The parameter-based DSM can better
analyze the probability of repetition, the variability of exchanged information, and the
impact of iteration [67]. A team-based DSM can clarify how the implementers of various
activities communicate and connect with each other. As mentioned earlier, the project
delivery method ultimately determines the scope, time, and division of responsibilities
of the organization’s activities, and limits an organization or group to undertake a single
task or multiple related activities. Through appropriate calculations such as partitions and
clusters, participants can be combined and divided to achieve the purpose of optimizing the
organization. The choice of project delivery method is always a multi-objective optimization
problem that needs to be weighed in terms of objectives, management capabilities, and
management methods. Constructing a combination of activity-based DSM and team-based
DSM under specific target requirements can help decision makers to allocate personnel and
responsibilities reasonably.

5.2. Establishing the DSM under the Requirements of a Particular Project

Analysis and examples show that the proposed framework helps to select the most
objective delivery method or verify the rationality of the delivery method and optimize
activities. However, it should be noted that the needs of the owner always have an
important influence on the selection process, and even the relationship between the same
type of project activities under the different needs of the owner may be different. Therefore,
determining the owner’s needs is the fundamental requirement for applying this method.

When the project is under high time pressure, finding connections between activities
and their intensity to increase activity overlap and reduce rework becomes the main re-
sponse method. As time becomes the highest priority goal, the division of design phases
will be simplified, design and construction need to be partially paralleled, and the informa-
tion feedback path of activities needs to be redesigned. Based on the relationship between
these activities, one can choose the delivery method that can best achieve time compression.
When quality becomes the main goal, due to the uniqueness of construction products, more
small-scale coupling activity packages need to appear in the delivery method to ensure that
product quality is always controllable and form a final product with satisfactory quality.

5.3. Decomposing the Activities

This case study only carried out a three-level decomposition because the hospital
project was only 13,918 m2 and the scale of the project was not large. In order to ensure
that it was completed on time, the owners and contractors were willing to use traditional
construction technology rather than innovative technology. The workflow was not much
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different from regular projects. Project delivery methods vary depending on the scale and
technical complexity of the project and will also change during hierarchical decomposition.

Proper decomposition is the key to effectively solving big and difficult problems,
which can minimize the interaction between sub-problems [68]. Finding the right level of
abstraction to formulate a DSM is not easy since activities can be defined at multiple levels,
from very detailed to high-level abstraction [69]. Too much or insufficient task decomposi-
tion may lead to management failure. The more decomposition levels, the more specific
the underlying activities performed by individuals or small teams. Through continuous
decomposition levels, the size of the model increases exponentially, the management orga-
nization will increase, and the efficiency will decrease. Too few decomposition levels will
result in blurred relationships between activities and unclear division of the management
interface. The general rule is to model the process to the level of detail that people want to
understand and be able to control the process [47]. The delivery method is expressed as a
contract, so it usually only involves the enterprise (sub-enterprise) level and does not need
to target individuals or small teams.

5.4. The Expression and Use of Activity Relations

DSM has developed many ways to express the relationship between tasks such as
marks, numbers, colors, shadows, etc. This research only uses the most basic markup
methods. This expression simply indicates whether there is an interconnection between
activities [70]. Other expressions can express more information, such as the probability of
overlap or rework between activities [71], interaction strength [72,73], and the duration of
the activity [74,75].

In the above information, the connection strength of activities is an important criterion
in the choice of project delivery method, especially the delivery method that needs to
shorten the project duration. Stronger connections mean that activities can receive more
complete information before they can be implemented. Therefore, more effective mea-
sures and organizational methods need to be used to ensure the efficiency of information
transmission. However, taking additional measures at the same time may bring additional
costs. Only when the benefits of relatively strong activity adjustments are greater than the
increased costs are adjustments worthwhile, while weak links can be used to diversify risks
through contracts and other means. Therefore, follow-up research should deeply analyze
the relationship between activity intensity and activity combination from activity intensity.

6. Conclusions

Relationships between activities will become more complicated as building technolo-
gies evolve, requiring more flexible delivery methods. A proper PDM will directly affect
the effectiveness of the owner’s and contractor’s organizational arrangements and resource
allocation, which will affect the project’s success. Therefore, it is necessary to carefully
select/design the appropriate PDM at the beginning of the project. Different delivery
methods adapt to other activity processes and therefore require different organizational
approaches. The delivery method is determined according to the process to maximize
the satisfaction of the project requirements. Activity-based DSM can show feedforward
and feedback between activities. Operation methods such as partition can optimize and
reduce rework caused by information feedback, shorten project duration, and save cost.
Depending on the relationship between the activities, the decision maker can choose to
delegate certain activities to the appropriate contractor and determine the proper PDM. At
the same time, the selected PDM can also be optimized through this framework.

The goal of this paper is to develop an analytical framework that can be used in
the early stages of project contracting to demonstrate to participants project activities
and the relationships among participants and to support participants’ effective allocation
and coordination of work. The framework shows the whole process of the project and
its activities in a visual way. When decision-makers are faced with specific goals, such
as shorter time frames, cost savings, and better organization, this framework can assist
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decision-makers in comprehensively reviewing the project and making quick judgments
to design the appropriate PDM. The difference between the study and previous studies is
that the characteristics of the delivery method are designed from the internal process of the
project, rather than extracted from the completed project, which is universal and stable and
will not be invalid due to the changes in the project.

In summary, the following managerial insights can be helpful for PDM selection.
Process-based PDM selection can reduce decision-making difficulties caused by changes

in project characteristics and complexity and improve the pertinence and universality
of PDM.

Applying this method to select an appropriate PDM with an organized structure
reduces the subjectivity of decision makers.

The framework visualizes the entire process of the project, helping decision makers
comprehensively review the project and make quick decisions.

In the absence of experienced decision makers, or the absence of consensus among
decision makers, this research will provide good insights to support the final decision.

This research is associated with the following limitations:

• The research did not consider the intensity of the relationship between activities which
directly affects the trade-off between the costs and benefits of activity adjustment and
then affects the decision results. The empowerment of association strength should be
a direction of further research in the future.

• This research only considered the activity-based DSM; the project team staffing and
responsibility assignment should be considered in combination with the organization-
based DSM in the future.

Author Contributions: Conceptualization, Q.Z. and C.C.; methodology, Q.Z.; software, H.T.; formal
analysis, Q.Z.; investigation, H.T.; resources, C.C.; data curation, C.C.; writing—original draft
preparation, Q.Z. and H.T.; writing—review and editing, C.C. All authors have read and agreed to
the published version of the manuscript.

Funding: The research was supported by the “National Natural Science Foundation of China”, the
funding number is 71971147.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ibbs, W. Alternative methods for choosing an appropriate project delivery system (PDS). Facilities 2011, 29, 527–541. [CrossRef]
2. Mostafavi, A.; Karamouz, M. Selecting Appropriate Project Delivery System: Fuzzy Approach with Risk Analysis. J. Constr. Eng.

2010, 136, 923–930. [CrossRef]
3. Chen, Y.Q.; Liu, J.Y.; Li, B.; Lin, B. Project delivery system selection of construction projects in China. Expert Syst. Appl. 2011, 38,

5456–5462. [CrossRef]
4. Al Khalil, M.I. Selecting the appropriate project delivery method using AHP. Int. J. Proj. Manag. 2002, 20, 469–474. [CrossRef]
5. Diao, C.Y.; Dong, Y.J.; Cui, Q.B. Project Delivery Selection: Framework and Application in the Utility Industry. In Construction

Research Congress 2018: Infrastructure and Facility Management; ASCE: New Orleans, LA, USA, 2018; pp. 171–179.
6. Noorzai, E. Performance Analysis of Alternative Contracting Methods for Highway Construction Projects: Case Study for Iran. J.

Infrastruct. Syst. 2020, 26, 04020003. [CrossRef]
7. Mafakheri, F.; Dai, L.; Slezak, D.; Nasiri, F. Project delivery system selection under uncertainty: Multicriteria multilevel decision

aid model. J. Manag. Eng. 2007, 23, 200–206. [CrossRef]
8. Li, H.M.; Qin, K.L.; Li, P. Selection of project delivery approach with unascertained model. Kybernetes 2015, 44, 238–252. [CrossRef]
9. Qiang, M.; Wen, Q.; Jiang, H.; Yuan, S. Factors governing construction project delivery selection: A content analysis. Int. J. Proj.

Manag. 2015, 33, 1780–1794. [CrossRef]
10. FMI (Fails Management Institute). Design-Build Utilization: Combined Market Study. 2018. Available online: https://dbia.org/

wp-content/uploads/2018/06/Design-Build-Market-Research-FMI-2018.pdf (accessed on 20 February 2020).

http://doi.org/10.1108/02632771111178418
http://doi.org/10.1061/(ASCE)CO.1943-7862.0000190
http://doi.org/10.1016/j.eswa.2010.10.008
http://doi.org/10.1016/S0263-7863(01)00032-1
http://doi.org/10.1061/(ASCE)IS.1943-555X.0000528
http://doi.org/10.1061/(ASCE)0742-597X(2007)23:4(200)
http://doi.org/10.1108/K-01-2014-0012
http://doi.org/10.1016/j.ijproman.2015.07.001
https://dbia.org/wp-content/uploads/2018/06/Design-Build-Market-Research-FMI-2018.pdf
https://dbia.org/wp-content/uploads/2018/06/Design-Build-Market-Research-FMI-2018.pdf


Buildings 2022, 12, 443 18 of 20

11. Demetracopoulou, V.; O′Brien, W.J.; Khwaja, N. Lessons Learned from Selection of Project Delivery Methods in Highway Projects:
The Texas Experience. J. Leg. Aff. Disput. Resolut. Eng. Constr. 2020, 12, 04519040. [CrossRef]

12. Alleman, D.; Antoine, A.; Papajohn, D.; Molenaar, K. Desired versus realized benefits of alternative contracting methods on
extreme value highway projects. Proc. Resilient Struct. Sustain. Constr. 2017, 1–6. [CrossRef]

13. Mahdi, I.M.; Alreshaid, K. Decision support system for selecting the proper project delivery method using analytical hierarchy
process (AHP). Int. J. Proj. Manag. 2005, 23, 564–572. [CrossRef]

14. An, X.W.; Wang, Z.F.; Li, H.M.; Ding, J.Y. Project Delivery System Selection with Interval-Valued Intuitionistic Fuzzy Set Group
Decision-Making Method. Group Decis. Negot. 2018, 27, 689–707. [CrossRef]

15. Nguyen, P.H.D.; Tran, D.; Lines, B.C. Fuzzy Set Theory Approach to Classify Highway Project Characteristics for Delivery
Selection. J. Constr. Eng. 2020, 146, 04020044. [CrossRef]

16. Xia, B.; Chan, A.P.C.; Yeung, J.F.Y. Developing a Fuzzy Multicriteria Decision-Making Model for Selecting Design-Build Opera-
tional Variations. J. Constr. Eng. 2011, 137, 1176–1184. [CrossRef]

17. Sanvido, V.; Konchar, M. Selecting Project Delivery Systems; Project Delivery Institute: State College, PA, USA, 1999.
18. AIA. AGC Primer on Project Delivery; AIA: Washington, DC, USA, 2011.
19. Marzouk, M.; Elmesteckawi, L. Analyzing procurement route selection for electric power plants projects using SMART. J. Civ.

Eng. Manag. 2015, 21, 912–922. [CrossRef]
20. Azari, R.; Ballard, G.; Cho, S.; Kim, Y.W. A Dream of Ideal Project Delivery System. AEI 2011 Build. Integr. Solut. 2011, 427–436. [CrossRef]
21. Ding, J.Y.; Wang, N.; Hu, L.C. Framework for Designing Project Delivery and Contract Strategy in Chinese Construction Industry

Based on Value-Added Analysis. Adv. Civ. Eng. 2018. [CrossRef]
22. Franz, B.; Molenaar, K.R.; Roberts, B.A.M. Revisiting Project Delivery System Performance from 1998 to 2018. J. Constr. Eng. 2020,

146, 04020100. [CrossRef]
23. Park, J.; Kwak, Y.H. Design-bid-build (DBB) vs. design-build (DB) in the US public transportation projects: The choice and

consequences. Int. J. Proj. Manag. 2017, 35, 280–295. [CrossRef]
24. Shrestha, P.P.; Fernane, J.D. Performance of design-build and design-bid-build projects for public universities. J. Constr. Eng. 2017,

143, 04016101. [CrossRef]
25. Tran, D.Q.; Diraviam, G.; Minchin, R.E., Jr. Performance of highway design-bid-build and design-build projects by work types. J.

Constr. Eng. 2018, 144, 04017112. [CrossRef]
26. Ahmed, S.; El-Sayegh, S. Critical review of the evolution of project delivery methods in the construction industry. Buildings 2020,

11, 11. [CrossRef]
27. Kumaraswamy, M.M.; Dissanayaka, S.M. Developing a decision support system for building project procurement. Build. Environ.

2001, 36, 337–349. [CrossRef]
28. Ng, S.T.; Luu, D.T.; Chen, S.E.; Lam, K.C. Fuzzy membership functions of procurement selection criteria. Constr. Manag. Econ.

2002, 20, 285–296. [CrossRef]
29. Deep, S.; Gajendran, T.; Jefferies, M. A systematic review of ‘enablers of collaboration’ among the participants in construction

projects. Int. J. Constr. Manag. 2021, 21, 919–931. [CrossRef]
30. Roy, V.; Desjardins, D.; Ouellet-Plamondon, C.; Fertel, C. Reflection on integrity management while engaging with third parties

in the construction and civil engineering industry. J. Leg. Aff. Disput. Resolut. Eng. Constr. 2021, 13, 03720005. [CrossRef]
31. Boran, F.E. An integrated intuitionistic fuzzy multi criteria decision making method for facility location selection. Math. Comput.

Appl. 2011, 16, 487–496. [CrossRef]
32. Li, H.M.; Su, L.M.; Cao, Y.C.; Lv, L.L. A pythagorean fuzzy TOPSIS method based on similarity measure and its application to

project delivery system selection. J. Intell. Fuzzy Syst. 2019, 37, 7059–7071. [CrossRef]
33. Khwaja, N.; O′Brien, W.J.; Martinez, M.; Sankaran, B.; O′Connor, J.T.; Bill Hale, W. Innovations in project delivery method

selection approach in the Texas Department of Transportation. J. Manag. Eng. 2018, 34, 05018010. [CrossRef]
34. Feghaly, J.; El Asmar, M.; Ariaratnam, S.; Bearup, W. Selecting project delivery methods for water treatment plants. Eng. Constr.

Archit. Manag. 2019, 27, 936–951. [CrossRef]
35. Zhu, X.; Meng, X.; Chen, Y. A novel decision-making model for selecting a construction project delivery system. J. Civ. Eng.

Manag. 2020, 26, 635–650. [CrossRef]
36. Martin, H.; Lewis, T.M.; Petersen, A. Factors affecting the choice of construction project delivery in developing oil and gas

economies. Archit. Eng. Des. Manag. 2016, 12, 170–188. [CrossRef]
37. Zhu, J.-W.; Zhou, L.-N.; Li, L.; Ali, W. Decision simulation of construction project delivery system under the sustainable

construction project management. Sustainability 2020, 12, 2202. [CrossRef]
38. Feghaly, J.; El Asmar, M.; Ariaratnam, S.T. A comparison of project delivery method performance for water infrastructure capital

projects. Can. J. Civ. Eng. 2021, 48, 691–701. [CrossRef]
39. Carpenter, N.; Bausman, D.C. Project delivery method performance for public school construction: Design-bid-build versus CM

at risk. J. Constr. Eng. 2016, 142, 05016009. [CrossRef]
40. Browning, T.R. Design Structure Matrix Extensions and Innovations: A Survey and New Opportunities. IEEE Trans. Eng. Manag.

2016, 63, 27–52. [CrossRef]
41. Eppinger, S.D.; Browning, T.R. Design Structure Matrix Methods and Applications; MIT Press: Cambridge, MA, USA, 2012; Volume 1.

http://doi.org/10.1061/(ASCE)LA.1943-4170.0000340
http://doi.org/10.14455/ISEC.res.2017.34
http://doi.org/10.1016/j.ijproman.2005.05.007
http://doi.org/10.1007/s10726-018-9581-y
http://doi.org/10.1061/(ASCE)CO.1943-7862.0001829
http://doi.org/10.1061/(ASCE)CO.1943-7862.0000381
http://doi.org/10.3846/13923730.2014.971131
http://doi.org/10.1061/41168(399)50
http://doi.org/10.1155/2018/5810357
http://doi.org/10.1061/(ASCE)CO.1943-7862.0001896
http://doi.org/10.1016/j.ijproman.2016.10.013
http://doi.org/10.1061/(ASCE)CO.1943-7862.0001241
http://doi.org/10.1061/(ASCE)CO.1943-7862.0001437
http://doi.org/10.3390/buildings11010011
http://doi.org/10.1016/S0360-1323(00)00011-1
http://doi.org/10.1080/01446190210121288
http://doi.org/10.1080/15623599.2019.1596624
http://doi.org/10.1061/(ASCE)LA.1943-4170.0000435
http://doi.org/10.3390/mca16020487
http://doi.org/10.3233/JIFS-181690
http://doi.org/10.1061/(ASCE)ME.1943-5479.0000645
http://doi.org/10.1108/ECAM-06-2019-0308
http://doi.org/10.3846/jcem.2020.12915
http://doi.org/10.1080/17452007.2016.1151762
http://doi.org/10.3390/su12062202
http://doi.org/10.1139/cjce-2019-0508
http://doi.org/10.1061/(ASCE)CO.1943-7862.0001155
http://doi.org/10.1109/TEM.2015.2491283


Buildings 2022, 12, 443 19 of 20

42. Yassine, A.; Braha, D. Complex concurrent engineering and the design structure matrix method. Concurr. Eng. 2003, 11, 165–176. [CrossRef]
43. Maheswari, J.U.; Varghese, K. A Structured Approach to Form Dependency Structure Matrix for Construction Projects. In Proceedings

of the 22nd International Symposium on Automation and Robotics in Construction, Ferrara, Italy, 11–14 September 2005.
44. Sullivan, J. Application of the Design Structure Matrix (DSM) to the Real Estate Development Process; Massachusetts Institute of

Technology: Cambridge, MA, USA, 2010.
45. Steward, D. Systems Analysis and Management: Structure, Strategy, and Design; Petrocelli Books: New York, NY, USA, 1981.
46. Steward, D.V. The design structure system: A method for managing the design of complex systems. IEEE Eng. Manag. 1981, 28,

71–74. [CrossRef]
47. Browning, T.R. Applying the design structure matrix to system decomposition and integration problems: A review and new

directions. IEEE Eng. Manag. 2001, 48, 292–306. [CrossRef]
48. Yassine, A. An Introduction to Modeling and Analyzing Complex Product Development Processes Using the Design Structure

Matrix (DSM) Method. Urbana 2004, 9, 1–17.
49. Grose, D. Reengineering the aircraft design process. In Proceedings of the 5th Symposium on Multidisciplinary Analysis and

Optimization, Panama City Beach, FL, USA, 7–9 September 1994; p. 4323.
50. Forbes, G.A.; Fleming, D.A.; Duffy, A.; Ball, P. The optimisation of a strategic business process. In Proceedings of the Twentieth

International Manufacturing Conference, Cork, Ireland, 3–5 September 2003.
51. Oloufa, A.A.; Hosni, Y.A.; Fayez, M.; Axelsson, P. Using DSM for modeling information flow in construction design projects. Civ.

Eng. Syst. 2004, 21, 105–125. [CrossRef]
52. Liang, L.Y. Grouping decomposition under constraints for design/build life cycle in project delivery system. Int. J. Technol. Manag.

2009, 48, 168–187. [CrossRef]
53. Hyun, H.; Kim, H.; Lee, H.-S.; Park, M.; Lee, J. Integrated Design Process for Modular Construction Projects to Reduce Rework.

Sustainability 2020, 12, 530. [CrossRef]
54. Ma, Z.; Ma, J. Formulating the application functional requirements of a BIM-based collaboration platform to support IPD projects.

KSCE J. Civ. Eng. 2017, 21, 2011–2026. [CrossRef]
55. Austin, S.; Baldwin, A.; Waskett, P.; Li, B. Analytical design planning technique for programming building design. Proc. Inst.

Civil. Eng. Struct. Build. 2015, 134, 111–118. [CrossRef]
56. Alhazmi, T.; McCaffer, R. Project procurement system selection model. J. Constr. Eng. 2000, 126, 176–184. [CrossRef]
57. Moon, H.; Cho, K.; Hong, T.; Hyun, C. Selection Model for Delivery Methods for Multifamily-Housing Construction Projects.

J. Manag. Eng. 2011, 27, 106–115. [CrossRef]
58. Molenaar, K.R.; Songer, A.D. Model for public sector design-build project selection. J. Constr. Eng. 1998, 124, 467–479. [CrossRef]
59. Karhu, V.; Keitilä, M.; Lahdenperä, P. Construction Process Model: Generic Present-State Systematisation by IDEF0; VTT Technical

Research Centre of Finland: Espoo, Finland, 1997.
60. Takala, T. Design transactions and retrospective planning: Tools for conceptual design. In Intelligent CAD Systems II: Implementa-

tional Issues; Springer: Berlin/Heidelberg, Germany, 1989.
61. DSM_Program-V2.1. Available online: https://dsmweb.org/excel-macros-for-partitioning-und-simulation/ (accessed on

28 October 2021).
62. Molenaar, K.; Franz, B. Revisiting Project Delivery Performance. Charles Pankow Foundation; Construction Industry Institute,

University of Colorado, University of Florida: Gainesville, FL, USA, 2018.
63. Brady, T.K. Utilization of Dependency Structure Matrix Analysis to Assess Complex Project Designs. In Proceedings of the

ASME 2002 International Design Engineering Technical Conferences and Computers and Information in Engineering Conference,
Montreal, QC, Canada, 29 September–2 October 2002; pp. 231–240.

64. Gunawan, I.; Ahsan, K. Project scheduling improvement using design structure matrix. Int. J. Proj. Organ. Manag. 2010, 2,
311–327. [CrossRef]

65. Zhao, L.; Wang, Z. Process Optimization Calculation Model and Empirical Research of Prefabricated Buildings Based on DSM. In
ICCREM 2019; American Society of Civil Engineers: Reston, VA, USA, 2019; pp. 614–621.

66. Browning, T.R. Process Integration Using the Design Structure Matrix. Syst. Eng. 2002, 5, 180–193. [CrossRef]
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